In order to establish the transmission pathway for two outbreak patients affected by fulminant hepatitis B (FHB) following a shared period of hospitalization, we sequenced the complete genomes of the hepatitis B viruses (HBV) isolated from them as well as from the suspected common source and 11 additional controls. Phylogenetic and statistical analyses of these sequences revealed that the two FHB patients were indeed infected by a common source and that the fatal development of the disease did not appear to be associated with any mutation previously reported to be related to FHB. These data have also allowed us to estimate the extent and distribution of genetic variability along the genomes of HBV genotype D samples from the same source population. As a result of these analyses, we provide an improved statistical method to individualize the assignment of each suspected patient and the source of an outbreak and information on which genome region to analyze in the molecular epidemiological assessment of hepatitis B virus transmission cases.
In order to establish the transmission pathway for two outbreak patients affected by fulminant hepatitis B (FHB) following a shared period of hospitalization, we sequenced the complete genomes of the hepatitis B viruses (HBV) isolated from them as well as from the suspected common source and 11 additional controls. Phylogenetic and statistical analyses of these sequences revealed that the two FHB patients were indeed infected by a common source and that the fatal development of the disease did not appear to be associated with any mutation previously reported to be related to FHB. These data have also allowed us to estimate the extent and distribution of genetic variability along the genomes of HBV genotype D samples from the same source population. As a result of these analyses, we provide an improved statistical method to individualize the assignment of each suspected patient and the source of an outbreak and information on which genome region to analyze in the molecular epidemiological assessment of hepatitis B virus transmission cases.
Hepatitis B virus (HBV), the prototype member of the Hepadnaviridae family, causes acute and chronic liver disease, chronically infecting more than 400 million people worldwide, with an estimated risk of death of 25% for chronically infected persons (15) , thus representing one of the most serious public health problems. HBV is one of the smallest DNA viruses infecting humans, and its genome comprises a 3.2-kb linear strand complementary to a shorter (1,700 to 2,800 nucleotides [nt]) strand. The two strands are arranged in a circular, partially double-stranded molecule. The genome contains four partially overlapping open reading frames (P [polymerase], C [core], S [surface], and X proteins), with no noncoding regions and about 50% of its genome involved in two overlapping reading frames. This extremely compact nature of the HBV genome imposes important limits on viral evolution, a situation designated "constrained evolution" (18) .
HBV isolates are grouped into eight major genotypes (designated A to H) with different geographic distributions. Genotype D is the most prevalent in southern European countries, whereas genotype A has a worldwide distribution. Although there is no clear relationship between HBV genotype and clinical course, they seem to affect disease profile, with a higher chance of viral clearance and sustained remission for patients infected with genotype A than for those infected with genotype D (15) .
Molecular and serological characterizations of HBV have been used to infer chains and sources of infection in several settings, such as nosocomial infections (11, 12, 23) , mother-toinfant transmission (13) , or infections derived from close familial contact (5, 38) . Different strategies have been employed in these analyses, most of them involving the sequencing of a representative portion of the HBV genome. However, there is no consensus on the best choice of region for this kind of analysis. Several authors have used the core region (11, 38) , others have employed the S region (13) , and many have used more than one region (12) . The complete genome sequences of nine isolates were used to study a nosocomial infection involving cardiac transplant patients (23) . Recently, the same approach has been used to look for specific mutations associated with fulminant hepatitis B (FHB) in several donor-recipient pairs (4, 7). There have been conflicting reports on the association between specific mutations in the HBV genome and fulminant hepatitis, especially in the precore (nt 1896) and core (nt 1762 and 1764) promoter regions (2, 16, 22, 28, 31) .
Although nosocomial transmissions were soon identified as a risk factor for HBV (17) , the frequent report of this type of infection indicates that it still represents a serious and unsolved problem. However, as this is a well-identified risk and prevention measures are known and easy to implement, there is also an increase in the number of plaintiffs seeking financial compensation from infected patients. Hence, establishing the origin of specific HBV infections is frequently required, with implications for public health.
In April 2002, two fulminant hepatitis B cases associated with a public hospital in Castelló de la Plana (Spain) were detected, suggesting a possible case of nosocomial transmission. Both patients had been hospitalized in the same surgery service during a few days in late December 2001, at the same time as a chronic hepatitis B carrier. All three were determined to be affected by HBV genotype D, the most common genotype in Spain (6). Here we report the molecular epidemiological study of the outbreak and several population control samples through sequencing of the complete HBV genome along with a detailed analysis of the molecular evolutionary patterns throughout the different regions of this virus. Furthermore, given the fatal outcome of the disease in the two suspect recipients and the chronic status of the putative donor, this information allowed us to analyze the possibility of establishing associations between specific viral mutations and FHB.
MATERIALS AND METHODS
Fulminant hepatitis B outbreak patients. Two FHB cases were declared in the Spanish city of Castelló de la Plana in early spring 2002. The first case (patient 15) was a 63-year-old male who had been intervened of rectum neoplasia on 26 December 2001 at Hospital General de Castelló. He had received no blood transfusion, chemotherapy, or radiotherapy after surgery. The second case (patient 16) was a 61-year-old male who had gone through emergency surgery at the same hospital on 29 December 2001 due to mesenteric ischemia. Prior to surgery, he had received two chemotherapy sessions due to pulmonary neoplasia, and he attended three further sessions afterwards. He also received seven blood transfusions in the next month after surgery. During their stay at the hospital, the two patients occupied different rooms on the same floor and different surgery rooms were used for their interventions.
Epidemiologic investigation. Upon detection of the outbreak, an epidemiologic investigation of all patients and medical personnel who used or attended the same facilities at the hospital during the stay of the two FHB cases was undertaken. The search revealed that a 52-year-old woman who was suffering from a lymphoma and was a chronic HBV carrier had stayed on the same floor from 30 December to 1 January to get a Hickman catheter implanted. She received no transfusions during this stay at the hospital, and her chemotherapy sessions were not coincidental with the stay of the two FHB patients. She was operated on in a different surgery room than the two FHB patients. No cases positive for hepatitis B surface antigen were detected among the medical personnel of this hospital.
Samples. Serum samples were obtained from 14 patients infected with HBV from the Hospital Universitari La Fe (València, Spain) and Hospital General (Castelló de la Plana), including the three patients involved in the outbreak (patients 07, 15, and 16). All outbreak patients were positive for hepatitis B surface antigen, hepatitis B e antibody, and hepatitis B core antibody and negative for hepatitis B e antigen, hepatitis C virus, hepatitis delta virus, and human immunodeficiency virus. Except for the two FHB patients associated with the outbreak, all samples were obtained from chronic hepatitis B patients.
DNA genome amplification and sequencing. Viral DNA was purified from sera with a high pure viral nucleic acid kit (Roche Diagnostics GmbH, Mannheim, Germany) by following the protocol as described by the manufacturer. Purified DNA was stored at Ϫ80°C until used. Viral DNA was amplified and sequenced essentially as described previously (34) , with minor modifications of this strategy for complete genome amplification. PCR products were purified using a high pure PCR product purification kit (Roche Diagnostics GmbH, Mannheim, Germany). The purified DNA fragments were directly sequenced by the dideoxy method, using a BigDye Terminator v3.0 cycle sequencing ready reaction kit, and analyzed with an ABI PRISM 3700 sequencer (Applied Biosystems, Foster City, CA). Sequence chromatogram files were analyzed using the Staden package (30). Nucleotides were numbered in accordance with the system of Stuyver et al. (34) .
Phylogenetic analysis. Based on the full nucleotide sequences, genetic analysis of the 14 HBV isolates was undertaken. Virus genotypes were established by comparison to existing sequences from public databases. Complete genome sequences were aligned using CLUSTAL W (36) and were refined further by visual inspection. Phylogenetic trees were constructed using the neighbor-joining algorithm (27) and maximum likelihood with heuristic search as implemented in PAUP‫ء‬ (35) . Both analyses were based on the best-fitting model for nucleotide substitution by use of Akaike's information criterion (1) according to the strategy implemented in Modeltest 3.1 (24) . The tree topology was evaluated by bootstrap analysis with 2,000 replicates.
Different tree topologies corresponding to alternative hypotheses of the relationships between each outbreak sample and the controls were specified previously (9) , and their likelihoods were compared to the one derived without topological constraints by means of a Shimodaira-Hasegawa test (29) as implemented in PAUP‫ء‬ (35) after 1,000 bootstrap pseudorreplicates.
Analysis of polymorphism. Estimates of the number of synonymous (SY) and nonsynonymous (NSY) substitutions among sequences were obtained using the Nei-Gojobori method (19) , as implemented in the MEGA program (14) . Polymorphic sites were evaluated using DnaSP version 4.0 (26) with a 100-nt-wide sliding window and 1-nt steps.
Nucleotide sequence accession numbers. The sequences of the 14 new HBV complete genomes have been deposited in the EMBL database with accession numbers AJ627215 to AJ627228.
RESULTS

Molecular epidemiology and outbreak analysis.
We have obtained the complete genome sequences of 14 HBV isolates. Ten of these corresponded to genotype D, including those from the outbreak patients; three were assigned to genotype A; and one to genotype B. All genotype D sequences were 3,182 nt long, identical in length to the reference strain HPBAYW (EMBL accession no. J02203) (8, 33) . The three genotype A sequences had different lengths, of 3,209, 3,212, and 3,221 nt, with variation from the reference strain HBVADW2 (EMBL accession no. X02763, 3,221 nt long) (33, 37) , located around positions 40 to 54, in the genome portion coding for P and pre-S proteins. The genotype B sequence had a total length of 3,215 nt, identical to the reference sequence for this genotype, HPBADW1 (EMBL accession no. D00329) (21) .
The general time-reversible model with a proportion of invariable sites equal to 0.4726 and a gamma distribution shape parameter equal to 0.7439 was chosen as the best model of nucleotide substitution for the 15 complete genome sequences (another genotype B sequence from the database was included in the analysis) by use of Akaike's information criterion (1, 24) . Based on this evolutionary model, a phylogenetic tree was constructed by maximum likelihood and neighbor joining from the corresponding pairwise distance matrix. The topology was evaluated by bootstrap, and it is shown in Fig. 1 . HBV sequences grouped according to their genotype with high bootstrap support, and most groups within genotypes were also well supported. Sequences derived from the three outbreak isolates grouped in a single cluster with 100% bootstrap support, a first indication of their very close relatedness.
To further determine whether the HBV sequences from the outbreak patients were related, we tested three alternative tree topologies (Fig. 2) for genotype D sequences, each represent- ing the possibility that a particular outbreak sequence actually grouped with the control samples rather than with the two other samples presumably from the outbreak (9). Table 1 shows a summary of the results obtained with the ShimodairaHasegawa test. The three alternative topologies were significantly worse than the one shown in Fig. 1 , which supports the grouping of the three outbreak isolates in a cluster of closely related sequences. Hence, the molecular sequence data provided further support to the epidemiological enquiry and confirmed that the three patients were involved in a common transmission chain. Distribution of genetic variability along the HBV genome. Although using a complete genome sequence provides the maximum possible amount of information at the sequence level, usually it is not necessary to sequence the complete genomes of different isolates, especially for population and epidemiology studies. However, in these cases it is necessary to use a genome region with the adequate amount of sequence divergence for the problem being studied (10) . Hence, we obtained the distribution of genetic variability along the complete HBV genome sequences of genotype D isolates (Fig. 3) . Genetic variation was not uniformly distributed throughout the HBV genome, with differences larger than 10-fold between regions with the highest and lowest levels of variation. Although there was a trend for the most-variable regions to be located in genome areas coding for only one gene product (e.g., within the P gene), there were exceptions in both directions. The region coding for the 3Ј end of the S gene, which also codes for the central portion of the polymerase, presented a variability level similar to that found in the nearby downstream region coding for the polymerase only. In contrast, the genome portion flanked by these two regions, which codes for the polymerase only, was one of the most conserved stretches in the entire HBV genome, showing variability levels similar to those found in areas coding for only one gene product, such as the core protein or the amino terminal of the polymerase.
The distribution of synonymous and nonsynonymous substitutions among outbreak and genotype D sequences along the viral genome is shown in Fig. 4 . Substitutions were not distributed at random in overlapping and nonoverlapping coding regions for the 10 genotype D sequences. Most synonymous substitutions appeared in the nonoverlapping fragments of the polymerase gene (pol), as expected from the lower restriction for these changes, since they affect only one protein product and do not alter the encoded amino acid. Conversely, the central portion of this gene, which overlaps the S gene, harbored substantially more nonsynonymous than synonymous substitutions. The core gene is the least overlapping with pol, and it displayed a markedly different pattern of substitutions. In both sections of the core gene, overlapping and nonoverlapping with pol, there were more nonsynonymous than synonymous substitutions: 39 NSY and 36 SY and 7 NSY and 5 SY substitutions, respectively. This was also the case for the X gene, again in both overlapping (14 NSY and 5 SY) and nonoverlapping (13 NSY and 5 SY) regions. Finally, the S gene, which fully overlaps with pol, presented a different pattern, with fewer nonsynonymous than synonymous substitutions (40 NSY and 54 SY).
Mutations associated with FHB. We have tested for the presence of mutations associated with FHB in the patients included in this study, because the two patients that prompted our analysis died shortly after nosocomial infection with HBV. Table 2 presents a presence/absence analysis of mutations potentially associated with FHB in the sequences included in this study. The analysis shows that the majority of HBV isolates (from both the outbreak and the nonoutbreak patients) har- a A one-tailed Shimodaira-Hasegawa test with RELL (1,000 replicates) was performed on the topology represented in Fig. 1 for genotype D sequences and the three alternative topologies (Fig. 2) , where each outbreak isolate sequence was presumed to group with control samples and not with the two other outbreak isolates.
b Ln, log likelihood. c ⌬ ϭ Ln(H1) Ϫ Ln(H0), where H0 is the topology shown in Fig. 1 for genotype D sequences, and H1 is an alternate topology considering each outbreak-related isolate as grouping with control samples. bored one or more mutations presumably linked to FHB. Nevertheless, only the two outbreak patients suffered a rapid, fatal development of the disease despite the fact that viruses isolated from these two persons had potential FHB mutations identical to those of the virus from the infection source, a chronically infected patient who did not progress to FHB.
Most polymorphic sites appearing in the outbreak-related sequences were located in the pol gene (10 of 11). Of these, six FIG. 3 . Nucleotide diversity along the HBV genome. The number of polymorphic sites in 100-nt-wide windows among eight complete genotype D genomes sequenced in this study is represented (only one genome sequence from the outbreak was included in this analysis).
FIG. 4. Locations of SY (‚)
and NSY (छ) substitutions in the complete genomes for outbreak (3 sequences) and genotype D (10 sequences) samples, considering the different overlapping and nonoverlapping gene regions. ‫,ء‬ no substitutions were found in the 25 nt overlapping core and X genes. These nucleotides have been considered a nonoverlapping part of the core gene. Genome/gene regions are abbreviated as follows. NOC, nonoverlapping core gene; COP, core gene overlapping pol; POC, pol overlapping core gene; NOP1, nonoverlapping pol, part 1; POPS, pol overlapping pre-S; PSOP, pre-S overlapping pol; POS, pol overlapping S, SOP, S overlapping pol; NOP2, nonoverlapping pol, part 2; XOP, X overlapping pol; POX, pol overlapping X; NOX, nonoverlapping X.
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were nonsynonymous (four overlapping to the S gene and two in the nonoverlapping regions of pol) and four were synonymous (two in the nonoverlapping regions and one each overlapping the S and X genes). A summary of some relevant features of these mutations is presented in Table 3 . None has been postulated to be associated with FHB, and since none was present in both infected patients and absent in the source it is not possible to invoke any of these mutations as the only cause of the fatal development of the disease in those two persons.
DISCUSSION
Our analyses have revealed substantial genetic variation in the genome sequences of HBV genotype D isolates from the same population and with different degrees of relatedness, from the very closely related isolates recently derived from a common source to the more distant, epidemiologically unrelated isolates. This has allowed us to establish a clear link between the two outbreak case patients and the putative infection source, reinforcing the epidemiological analysis which, without molecular evidence, also gave a strong indication about this transmission case. The complete genome sequences derived from the source and the two infected patients present a small number of differences (eight and nine differences for patients 15 and 16, respectively, from a total of 3,218 nt), many of which correspond to polymorphic sites in the source that are resolved in the recipients (five cases). Similar or even higher numbers of differences (ranging from 0 to 43) have been found by full-genome comparisons between HBV isolates from source and recipient pairs in several analyses (4, 7, 25, 32) . Our statistical analyses provide strong, additional support for a link between the three full genome sequences considered in the outbreak and additional full genome sequences obtained from HBV-infected individuals from the same population. The epidemiological and molecular phylogenetic analyses have led us to conclude that there was a common origin for HBV in the two outbreak patients and that this common source was patient 07, with whom both had been in contact in a public hospital during two days at the end of 2001.
Our study has revealed that genetic variation is not evenly distributed along the HBV genome (Fig. 3) . Despite the presence of extensive overlapping of coding regions, we found high levels of genetic variation within genotype D sequences ob- Enhancer II/core promoter Precore 
a Standard ambiguity codes for nucleotide polymorphism are used. Most sites are located in the pol gene; for those that are not, the relevant gene is reported in parentheses. The nature of the polymorphism is indicated (SY or NSY).
tained from the same population, which provides ample opportunities for the application of molecular sequence analysis to epidemiological analysis of HBV. Similar patterns of heterogeneity in genetic variation along the viral genome have been documented previously (3, 7, 20) . In general, the genome region of choice for outbreak analyses depends on the problem in question and its associated time frame, because an adequate level of variation for discriminating among the different alternatives under consideration must be provided (10) . From the data presented here, it is recommended to analyze the most rapidly evolving HBV genomic regions, such as the nonoverlapping stretches in the core and pol genes, for the study of outbreaks or transmission chains or for studies involving sequences recently derived from a common ancestor. This does not necessarily contradict the "constrained evolution" model for HBV (18) , since different evolutionary forces act at different time scales. Among very closely related isolates, drift and hitchhiking selection, for instance, may contribute to temporary polymorphism in positions that will most likely be lost from the population and will not contribute to differentiation among more distantly related isolates.
Transient polymorphisms, such as those detected in the source but resolved in the outbreak patients, may also explain why some mutations have been associated with fulminant hepatitis B even though they appear only in some fatally affected patients. We present evidence of such a lack of association in the three patients involved in the analyzed outbreak. However, other reasons may also explain the recurrent presence of this kind of mutation associated with FHB. For instance, it may be that two or more mutations in different positions of the HBV genome are required to produce the fatal effects or that these depend not only on the virus itself but also on other host factors.
Another remarkable feature is the high frequency of nonsynonymous mutations among the variants detected. Half of the six mutations appearing in regions where two genes overlap were nonsynonymous for both genes. However, it is possible that they have negative effects on viral fitness and will eventually be removed from the population by purifying selection. Nevertheless, their low frequency prevented their identification as strongly negatively selected codons. Evidently, more studies are needed to completely understand the reasons why such different clinical outcomes should characterize patients affected by very similar viruses.
